The dissolution of δ -ferrite in continuously cast slabs of SUS304 has been studied during heat treatment in the temperature range of 1 373 to 1 473 K. The dissolution behavior can be expressed by KolmogorovJohnson-Mehl-Avrami equation. The dissolution rate is affected by annealing temperature and secondary dendrite arm spacing. Moreover, the numerical methodology for multi-phase field method has been performed in Fe-Cr-Ni alloy. It is thought that dissolution behavior of δ -ferrite during heat treatment can be also predicted by this method.
Introduction
Common austenitic stainless steels, including SUS304, have solidification path with primary ferrite (δ). The amount of δ -ferrite phase subsequently decreases as a result of δ /γ phase transformation. However, a certain amount of δ -ferrite phase remains in the microstructure at room temperature.
1) The hot ductility of austenitic stainless steels is known to be greatly affected by their δ -ferrite content, 2, 3) in addition to the content of the impurity elements, such as sulfur and oxygen. 4) These elements can be made harmless by adding calcium, rare-earth metals, or aluminum. 5, 6) Alternatively, the hot ductility of cast ingots can be improved by controlling the amount of δ -ferrite to be several per cent. This is due to the higher solubility of sulfur and phosphorus in the δ phase than that in the γ phase, leading to the improvement of ductility by suppression of grain boundary segregation. On the other hand, the ductility becomes worse considerably when the level of δ -ferrite is as high as 10%, 7) because of the concentration of strain at the interface as a result of the difference in deformation resistance between the δ phase and the γ phase. Subsequently, voids form at interface through contraction in conjunction with the δ /γ phase transformation, and the segregation of sulfur and other elements at the δ /γ interface.
In addition, it is also known that the hot ductility of slab is improved dramatically by heat treatment, caused by reduction in δ -ferrite levels. However, several contrary results have been reported regarding the dissolution behavior of δ -ferrite and ductility improvement in SUS304.
Uematsu et al. 8) reported that the amount of residual δ -ferrite after soaking treatment at 1 423 K was smaller than the treatment at 1 473-1 523 K. Further, they showed better ductility after soaking at 1 423 K. Kinoshita et al. 9) showed that dissolution rate of δ -ferrite is higher at 1 523 K than at 1 423 K. Mase 10) found that the improvement in hot workability by soaking treatment of SUS304 slab was most effective at 1 543 K. As discussed above, it is certain that the dissolution behavior of δ -ferrite affects the hot ductility. But it cannot be said definitely that this effect has been quantitatively clarified. Furthermore, it is shown that crack defects on the edges of a hot-rolled sheet surface tend to occur more frequently when the residual δ -ferrite content is high. 11) Thus, controlling the level of δ -ferrite is important for reducing hot-working related cracks. We therefore studied and analyzed the dissolution behavior of δ -ferrite during heat treatment in samples of SUS304 stainless steel.
Materials and Experimental Procedure
The specimens were sampled from three continuously cast slabs of SUS304 stainless steel with various thicknesses, manufactured in production plant. Table 1 . Test pieces were taken from around the center of width direction, due to small variation in cooling rate at this position. The experiments described below were conducted on a cross section vertical to the casting direction at a position of 5 mm from the surface of the slab accounting for the uniformity in amount of δ -ferrite. The average value of secondary dendrite arm spacing (S II ) measured at this position is also listed in Table 1 1 by using Thermo-Calc, 12) suggesting that δ -ferrite would no longer exist at 1 533 K or below. Besides, the dissolution rate of δ -ferrite should decrease at the temperatures higher than 1 533 K 13) facilitating the δ -ferrite coarsening. It is considered that this critical temperature may vary depending on the composition of the system. It is probable that attention has not been paid to this fact leading to the contrary results in previous studies. The samples were heated for 20 to 120 min and subsequently quenched in water. In this study, the δ -ferrite content in the as-cast material was taken for analysis as the initial value for the heat treatment experiment. The average value of five points was put into analysis. In addition, changes in the morphology of the δ -ferrite were observed by means of optical microscopy.
Results and Discussion

Changes in Microstructure
Examples of the microstructures in the as-cast material and the materials after heat treatment are shown in Fig. 2 (Sample No. 1; 143 mm-thick slab). The microstructural examination showed that the quantity of δ -ferrite tended to decrease with its morphology change from vermicular 14, 15) to rod-shaped and spherical. Relatively large grains were observed in some parts, even after prolonged heat treatment.
Dissolution Behavior of δ -ferrite
The rate for a heterogeneous transformation is generally expressed as follows:
where y is the phase transformation rate, y = (δ 0 -δ t)/δ0, t is time, and k, n, and m are constants. This equation, corresponding to the KolmogorovJohnson-Mehl-Avrami equation (KJMA equation) when m = 1, can be expressed as follows:
The relationship between the logarithm of the phase transformation rate ln [1/(1 -y)] and the logarithm of time, log(t), for sample No. 1 is shown in Table 2 . The value of n ranged from 0.49 to 0.73. In general, the value of n is known to be related to the transforming manner. 16) For instance, when n = 1, cylindrical particles show diffusion-controlled growth in the direction of the height, while when n = 3/2, a certain number of particles show diffusion-controlled growth. The values of n obtained in this experiment were relatively small and tended to decrease with increasing temperature, as shown in Table  2 . We assumed that this was due to the changing morphology of the δ -ferrite from vermicular to rod-like and spherical in a temperature-dependent manner. Nakao et al., 17) studied the δ -ferrite phase transformation behavior (δ → σ + χ + γ) in weld metal subjected to heat treatment (973 to 1 273 K) of austenitic stainless steel containing large amounts of N and Cr. They found that the transformation behavior obeyed the KJMA equation with the values for n ranging from 0.79 to 1.04. Those are slightly higher than in the current experiments. There is also a report that the δ -ferrite phase transformation behavior of an austenitic stainless steel (type 316) in weld metal subjected to heat treatment at 873 to 1 123 K, when expressed in terms of the KJMA equation, shows n values of 0.43 to 0.64. 18) It is thought that the dissolution of δ -ferrite may depend on the factors such as mor- where k0 is a constant, Q is the activation energy, R is the gas constant, and T is the absolute temperature.
The rate constant k is plotted against 1/T for samples No. 1 and No. 3 in Fig. 5 with favorable correlation. It is possible to calculate the activation energy for the dissolution of δ -ferrite from the gradient of two lines. Here, the values of rate constant k were determined by the KJMA equation as shown in Fig. 3 . It is noted that the values in the range n = 0.6 to 0.8 were employed accounting for possible errors in the regression analysis. On the basis of the results in this work, the activation energies for samples No. 1 and No. 3 were 238 and 256 kJ/mol (average value was 247 kJ/mol).
The activation energies for diffusion of Cr and Ni in γ phase are 264 and 273 kJ/mol, 19) respectively, while those of Cr and Ni in δ phase are 239 and 242 kJ/mol, 19) respectively. Comparing to the values obtained in the current work, it was confirmed to be relatively close to those for δ phase. In addi- been also estimated by Kinoshita et al. 9) to be approximately 247 kJ/mol, which is the same as our value.
Effects of Secondary Dendrite Arm Spacing and Annealing Temperature
Comparison of the δ -ferrite dissolution behavior of the three specimens at 1 473 K is shown in Fig. 6 . The rate of δ -ferrite dissolution increased with decreasing slab thickness, i.e. decreasing secondary dendrite arm spacing. Fitting by the KJMA equation similarly to Fig. 3 tells us the n and k values as shown in Table 3 . Significant difference was not observed in the n values, which indicate the transforming manner.
Next, how long it took for the dissolution of the residual δ -ferrite was considered. Calculation was made on a case when δ -ferrite decreased from 5 to 1% by using Eq. (3). The relationship between the secondary dendrite arm spacing (SII) and the annealing time necessary to achieve 1.0% of δ -ferrite content is shown in Fig. 7 . It is postulated that the diffusion distance decreases along with higher dissolution rate of δ -ferrite when the secondary dendrite arm spacing in the microstructure decreases. In other words, the dissolution of δ -ferrite is facilitated for the material solidified with higher cooling rates. 15) It is known that in homogenization of microsegregation, the time required for homogenization is proportional to the square of the arm spacing and is inversely proportional to the diffusion coefficient. 20) Similar results have been obtained for the dissolution of δ -ferrite. 9) In the current experiment, the gradient of the line obtained in Fig.  7 was approximately proportional to the square of the arm spacing. It was therefore confirmed that the effect of the secondary dendrite arm spacing on the dissolution of δ -ferrite was significant. Dissolution of δ -ferrite became slower as the temperature decreased due to lower diffusion rate at lower temperatures. Furthermore, it is evident that the time required for dissolution of δ -ferrite is longer for thicker slab with larger secondary dendrite arm spacing. The dotted lines indicate extrapolation toward δ + γ region. The both ends correspond to 1% δ -ferrite referring to the equilibrium phase diagrams assuming that the dissolution of δ -ferrite is inversely proportional to the diffusion coefficient.
Analysis by the Multi-phase Field Method
We also analyzed how the steel solidified with subsequent phase transformation by multi-phase field method(MPFM), using MICRESS software. 21) For this simulation, the interfacial driving force for phase transformation and the interdiffusion coefficient for multi-component systems were evaluated in conjunction with CALPHAD software, Thermo-Calc. 12) TCFE6 and MOB2 22) were used as the thermodynamic and diffusion databases, respectively. Details regarding the model and the analysis method are described in Ref. 23 ).
The initial composition was simplified as the ternary system of Fe-18.85% Cr-11.71% Ni, by adjusting the Cr equivalent and Ni equivalent 6) corresponding to the sample No. 1. On the basis of the secondary dendrite arm spacing shown in Table 1 , and by using the equation derived by was taken as 88 μm, and the nucleation temperature was set to 1 728 K. In addition, two-dimensional solidification analysis was conducted by assuming that the temperature gradient for dendrite growth in the y-direction was 250 K/cm.
The length of y-direction was taken as 176 μm. The grid width for the simulation was set to 0.25 μm with 4 grids as the width of the interfacial area. The data used in the calculation are listed in Table 4 , while the parameters for the nucleation of the γ phase are listed in Table 5 . It was assumed that γ phase precipitated at the interface between liquid phase and δ phase. The existence of nucleation at candidate points on the interface was evaluated after each time interval by using classical nucleation theory, and the newly generated γ phase was incorporated in the MPFM calculation.
The distribution of phases during and after solidification (bottom temperature 1 705, 1 689, 1 533, or 1 173 K) is shown in Fig. 9 . It is clear that the growth of dendrite for the primary δ phase is followed by precipitation of γ phase between the dendrites and that the γ phase grows by δ /γ phase transformation as the temperature decreases. In addition, the lines in the figure indicate the interface areas, corresponding to grain boundaries. The δ -ferrite content at 1 173 K was 6.3 mol%, which was approximately 1 mol% higher than the measured value for the slab. It is reported empirically that the area ratio obtained by the two-dimensional point counting method agrees with the volume ratio by the magnetic method when the amount of δ -ferrite is low. 9) We thus decided to compare the area ratio obtained by two-dimensional simulation results with the measured volume ratio.
Subsequent analysis was carried out for the specimen subjected to heat treatment at 1 473 K for 60 min with a heating rate of 20 K/s. Here, Fig. 9(d) was taken as the initial phase and composition distribution. The amount of δ -ferrite at the beginning of isothermal heat treatment was 6.4 mol%. Examples of changes in the phase distribution during heat treatment are shown in Fig. 10 . Furthermore, the results of calculating the dissolution behavior of δ -ferrite in the heat treatment are shown in Fig. 11 in comparison with the experimental data from Fig. 3 . The volume ratio from the experimental data was plotted by converting it into a mole fraction by using the molar volumes of δ -Fe and γ-Fe calculated by Thermo-Calc. 12) Obviously, the amount of δ -ferrite decreases during heat treatment. According to the observation, the particles become spherical remaining near the dendrite core and between the dendrites. Although the than the experimental results, the validity of microstructural prediction by this method was confirmed. On the basis of Fig. 9(b) , the calculated secondary dendrite arm spacing is approximately 10 μm, which is smaller than the experimental value. As described previously, the dissolution rate of δ -ferrite depends on the secondary dendrite arm spacing. It is therefore important for the precision of the analysis to improve the reproducibility of solidification microstructure.
We surmise that particular attention should be paid on the adjustment of the strength of anisotropy in dendritic growth, the γ phase nucleation conditions, and the optimization of interfacial mobility between δ and γ phases.
Conclusion
The dissolution behavior of δ -ferrite in slabs of SUS304
was studied, and the following results were obtained.
(1) The dissolution of δ -ferrite during heat treatment process can be modeled by using the KJMA equation. The dissolution rate increased with increasing temperature in the range of 1 373 to 1 473 K, due to the higher diffusion rate.
The activation energy in δ -ferrite dissolution was experimentally determined as 247 KJ/mol.
(2) The rate of δ -ferrite dissolution was also affected by the secondary dendrite arm spacing, and dissolution became faster for finer microstructures as the diffusion distance decreased. The time for δ -ferrite dissolution was nearly proportional to the square of the secondary dendrite arm spacing.
(3) The dissolution behavior of δ -ferrite during heat treatment was analyzed by using the multi-phase field method, and the prediction of microstructure formation by this method was confirmed. 
